The highly variable electron ux levels in the outer radiation belt come about by competition between time-dependent source and loss mechanisms. In order to identify some of the di erent mechanisms involved, we examine the statistics of the variability of uxes at geostationary orbit. Data from the SEM-2 analyser on Meteosat-3 and from GOES-7 are used. Correlation analysis is used to nd time-delays between changes in ux at di erent energies. We see that low energy ux is added to this region during sub-storms and that higher energy uxes appear after 2 or 3 days. Whilst the timescale for this process is brief compared to a complete cycle of the`Recirculation' energization process, it is consistent with the timescale of its nal step -outward radial di usion. By isolating periods when no new injection of plasma occurs, we make an assessment of ux loss rates in a quiet magnetosphere.
Introduction
The terrestrial radiation belts are well recognised as hazards to spacecraft systems and sources of data corruption. The two belts are dramatically di erent in nature. The inner belt consists of both protons and electrons. Although recently it has been shown that sudden ux increases can occur here, it is generally stable over periods of months. The outer belt is much more variable. It consists almost entirely of electrons and experiences wide uctuations over periods of less than a day. This is evidence that strong source and loss mechanisms a ect this region. Peak uxes in the outer radiation belt lie around 4.5 Re from the earth but signicant uxes extend beyond geostationary orbit at 6.6 Re.
Geostationary satellites are extremely useful platforms from which to observe the outer radiation belt. Their circular equatorial orbits keep them almost permanently in the radiation belts and they pass through all local times, at constant altitude once per day. This makes it possible to compare day-by-day changes in ux levels. Because this orbit is highly popular with weather, telecommunications and television broadcast satellites, the radiation uxes experienced in this orbit a ect are important to a great many satellites. In this study, which has been carried out under European Space Agency contract no. 9829/92/NL/FM as part of a continuing programme of Radiation Belt investigations, we use data from the geostationary Meteosat-3 and GOES-7 satellites.
The Data
Data from Meteosat-3 were collected by the Space Environment Monitor (SEM-2). This instrument comprised a set of detectors (Aiello et al 1975] ) provided by Los Alamos National Laboratory, with electronics and calibration by the Mullard Space Science Laboratory (Coates et al. 1990] ). SEM-2 had ve solid-state detectors observing at +60 , +30 , 0 , -30 and -60 to the spin axis. The spacecraft spin axis was closely aligned with the Earth's spin axis. Data were binned into six azimuthal sectors as the satellite spun. The energy range from 43keV to 300keV was divided into ve energy bins by electronics which measured the height of the electrical pulse in the detectors. Particles with energy greater than 300keV left signatures equivalent to a 300keV pulse before passing out of the detectors and so are recorded as if they were 300keV particles. In practice this leads to little confusion because of the steep slope of the electron energy spectrum. Contamination by energetic protons does occur but their ux is negligibly small except during intense Solar Proton Events and these are extremely rare. Hence no steps have been taken to remove this noise. Meteosat-3 spent most of its early life around 0 longitude and was later moved to around 50 west. The Meteosat-3 database extends from 1988 to August 1994 and data continues to be collected. The GOES-7 satellite of the National Oceanographic and Atmospheric Administration (NOAA) contained radiation belt monitors measuring 7 proton and 6 alpha energy channels (Williams 1976] ). It also measured one electron channel of integral ux over 2MeV. The electron channel was frequently subject to contamination by energetic protons, with noise counts exceeding real counts by orders of magnitude. In this study, the e ect of this contamination has been removed by using an empirical formula based on the proton spectrum. GOES-7 was located at 108 longitude. GOES-7 data covering the period 1988 to 1993 has been made available to this study.
It is the long overlap of these two databases that has been particularly valuable for this study. Figure 1 shows the distribution of average uxes in local time during 1990 for three energy channels, 43-60keV (Meteosat-3), 202-300keV (Meteosat-3) and >2MeV . All three traces have been normalized to their peak values to make comparison of their diurnal variations easier. The high energy (> 2MeV) uxes peak near local noon and are highly symmetric about this time. The low energy uxes (43-60keV) peak between 4 and 5 hours and are not symmetric, rising more steeply than they fall. The intermediate energy uxes (202-300keV) are intermediate between these two extremes, being peaked near noon but displaced entirely consistent with uxes simply decreasing as a function of L, which is to be expected of trapped radiation belt uxes at geostationary orbit. However, it is clear that the 43-60keV uxes are being dominated by some other e ect. This gure, which plots ux against time on 1st July 1990 for all ve energy channels, shows a sharp peak in ux at around 9 hours UT. Because the satellite was near 0 longitude at the time, UT and local time are equivalent. The peak is strongest in the lower energy channels and is virtually non-existent in the highest energy channel. Fluxes at lower energies arrive slightly later than at higher energies. This energy dispersion arises because the drift velocity of the electrons is energy dependent and is evidence that the ux enhancement has travelled a long way before reaching the satellite. Peaks like this are called`injection events' and are commonly associated with substorm activity (e.g. Kling et al. 1986] ). On this occasion, the same event is seen about 2 hours later (in the lowest energy channel), having made a complete drift circuit of the magnetosphere. The energy dispersion is much greater because the ux enhancement has now travelled much further. 
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Correlation Analysis
In the previous section it was established that the 43-60keV data are indicative of substorm-related injection events and that the 202-300keV and > 2MeV uxes are more typical of radiation belt electrons. By comparing these uxes, we can assess whether uxes in the radiation belt are related to substorm activity. A correlation analysis was carried out between the log of the ux in the 43-60keV range with the log of the ux in the 202-300keV and > 2MeV ranges. Log uxes were chosen because the proton subtraction applied to the GEOS-7 data would be more inaccurate when uxes were low. To eliminate diurnal variations, the data were binned into daily averages. Figure 4 shows the correlation coe cient when the data sets are shifted relative to each other by intervals from -4 to +6 days. This is the interval by which the high energy uxes are made to lag the lower energy uxes. The 202-300keV correlation is strongly peaked at +1 day. This indicates that uxes are typically seen to rise in this energy band one day after substorm injected plasma is observed. Fluxes above 2MeV, the solid line, have strongest correlation after 2 days.
In gure 5 a similar correlation analysis is done comparing 202-300keV and >2MeV uxes with daily averages of Kp.
The time lags corresponding to peak correlation are 2 days for 202-300keV and 3 days for > 2MeV. This is consistent with the previous result and indicates that Kp rises even before injection events are seen in the 43-60keV data. Thus the following sequence of ux enhancements is seen to occur with a total duration of 3 days.
Kp ?! 43-60keV ?! 202-300keV ?! >2MeV 5. Recirculation
The`recirculation' process for lling of the radiation belts was proposed initially by Nishida 1976] for Jupiter and was more recently proposed by Baker et al. 1989 ] to operate in the terrestrial magnetosphere. In this process, ambient electrons at geostationary orbit, either injection event electrons or ambient plasma sheet electrons, are converted to energetic radiation belt electrons in a three-stage process. Stage 1 is an inward radial di usion. This process conserves rst and second adiabatic invariants and so, because the electrons travel to a region of higher magnetic eld strength, their energy increases. The resulting population at lower L values has pitch angle con ned to near 90 and mirrors close to the equator. Stage 2 consists of pitch angle scattering which allows the electrons to travel to low altitudes. This process involves almost no change in energy. Stage 3 is outward radial di usion occurring at low altitudes i.e. near the magnetic poles. It is crucial to the recirculation process that the di usion occurs here because a large change in L here does not involve a large change in magnetic Fig. 5 . Correlation coe cients as a function of time lag from Kp eld strength and hence the electrons do not lose much of the energy they gained in stage 1. The resulting electrons have returned to the outer magnetosphere with a net gain in energy.
The electrons can undergo the whole process several times, hence the name`recirculation'.
In our observations, we have seen that after substorm injections, an enhancement is seen rst at 200-300keV and then later, >2MeV. The timescale for recirculation is estimated to be weeks or months (Baker et al. 1989] ) because this is the timescale of the slowest stage, inward radial diffusion. Simulations of the nal stage (Fujimoto and Nishida 1990] ) have shown that the outward radial di usion, with realistic wave power, has a timescale of 2 to 3 days. Thus it seems that our results are consistent with the outward di usion of electrons from an already energized population at low L values. The slower arrival of the more energetic electrons is consistent with this picture because they would have come from lower L values and would require longer to reach geostationary orbit.
Loss Rate Analysis
In order to examine loss rates, we looked for periods when no new uxes were being added through substorm injections. To nd such periods days we selected pairs of successive days each with average Kp less than 1. Flux plots of these days were examined to see if any injection events had occurred. Some had and these pairs of days were rejected, leaving only 12 pairs of days out of 4 years of data. Figure 6 shows 43-60keV ux versus universal time for one of these pairs, the 3rd and 4th July 1990. On these days there is a continuous decrease in ux with time and a nearly constant ratio between uxes on the two days. The ratio between the two days is virtually constant at 0.6, implying a constant rate of loss of ux. A surprising feature of this plot is that there is no signi cant diurnal ux variation on either day. Any e ects of moving to di erent L values throughout the day must be much smaller than the e ects of plasma loss in the 43-60keV energy range. Both the 40% loss per day and the absence of diurnal variations were common features of most of the other pairs of days.
The lack of diurnal ux variation means that it is possible to compare intervals shorter than a day because their di erent local times are not a factor. This enables us to extend our study from a few days to hundreds of pairs of threehour periods when kp was less than 1. Figure 7 shows the distribution of percentage change between successive 3-hour periods, when Kp was less than 1. Three hours periods were chosen because this is the time resolution of Kp. It can be seen that large positive or negative changes are very rare, indicating that large uctuations which are caused by the passage of injection events have been excluded by the choice of low Kp. Instead, there is a strong clustering of percentage change around low negative values, with the peak at -8% (corresponding to 49% over 24 hours).
It has not been possible to extend this loss rate analysis in the same systematic way to higher energies. Because of the delay in the arrival of energetic electrons after substorm activity, at least three successive days without injection events are needed to identify loss-dominated periods. Only 2 sets of three days that met this criterion were found. One of these injection-free periods was 4th, 5th and 6th November 1990. Figure 8 compares ux in the 202-300keV range the second and third of these days. Unlike the observations at low energies, the diurnal variation is still very strong. However, there is a consistent ratio of 0.8 between one day and the next, indicating that 20% of ux was lost over 24 hours.
A very similar 0.8 ratio was seen with the >2MeV uxes. However, in the other set of three days, no such systematic behaviour was seen. The ratio of uxes was highly variable in all three of the selected energy ranges and ux gains as well as losses were observed, indicating that source mechanisms were still work. Hence our observations of loss rates at higher energies is limited to a single day.
Summary and Conclusions
With the long database provided by the instruments on Meteosat-3 and GOES-7 we have been able to measure simultaneously injection events and radiation belt electrons. Correlation analysis has shown shown that there is a link between radiation belt uxes and substorm activity. Fluxes between 202 and 300keV were seen to lag 43-60keV uxes by 1 day and Kp by 2 days. Fluxes above 2MeV were seen to lag 43-60keV uxes by 2 days and Kp by 3 days.
A model called`Recirculation' already exists which links substorms and radiation belt uxes. The observed timelag between substorm activity and radiation belt enhancement is much shorter than the estimated total recirculation timescale of weeks or months but is consistent with its outward radial di usion stage. This would imply that the radiation belt electrons we observe after substorm activity do not come directly from the injection event electrons but from an already energized population at low L shells. An alternative explanation which would describe our results is that the radiation belt electrons do come from the injection events we see, if the inward radial transport of electrons is much faster than described in the model.
When successive days with no electron injection were examined, loss rates of about 40% per day were seen in the 43-60keV energy range. A similar loss rate of 8% per three hours was seen whenever Kp was low. It was also observed that, apart from e ects of injection events, there was no local-time dependence to the uxes in this energy range. Between 202 and 300keV and above 2MeV, a steady loss rate of 20% over 24 hours was observed on the only set of days where source mechanisms seemed absent.
